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An Experimental 225 GHz Pulsed
Coherent Radar

Robert W. McMillan, Senior Member, IEEE, C. Ward Trussell, Jr., Ronald A. Bohlander,
J. Clark Butterworth, and Ronald E. Forsythe

Abstract —An experimental coherent pulsed radar operating at 225
GHz is described. This system uses a pulsed, phase-locked extended
interaction oscillator transmitter and an f/4 (frequency divided by 4)
subharmonic mixer pumped by a phase-locked Gunn oscillator as the
receiver. A quasi-optical circular polarization duplexer combines trans-
mitter and receiver signals into the same antenna. Results obtained with
this system include the detection of targets out to ranges of 3.5 km and
observation of Doppler spectra of trucks and tracked vehicles, including
contributions from both body and tracks.

I. INTRODUCTION

INCE the very early days of radar, system designers have
looked toward the higher microwave and millimeter-wave
(MMW) frequencies for the purposes of improving resolu-
tion and/or reducing antenna and other component sizes.
During the last few years, the significant improvements made
in MMW componentry have provided the means for moving
higher in frequency, up to bands where the atmosphere,
rather than component availability, imposes severe limita-
tions on radar performance [1]. Of the atmospheric transmis-
sion bands available for use in ground-based radar applica-
tions, the region broadly centered near 230 GHz is perhaps
the highest frequency band that is of practical use. A radar
operating in this band was recently described by McIntosh
et al. [2], [3]. This radar has been used to obtain some
excellent measurements on backscattering from various sur-
faces and materials [4]. There is also a narrow atmospheric
window centered at 340 GHz, but attenuation caused by
water vapor in this window may exceed 10 dB/km under
conditions of high humidity. This latter window has been
proposed for use in submillimeter-wave imaging systems,
however [5].
This paper describes a 225 GHz coherent radar system
with the following subsystems:

1) a pulsed, phase-locked extended interaction oscillator
(EIO) transmitter;
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2) an all-solid-state receiver comprising a Gunn local os-
cillator (LO) operating at 56 GHz with an f/4
(frequency divided by 4) subharmonic mixer;

3) a quasi-optical circular polarization duplexer which uses
an antireflection-coated sapphire quarter-wave plate
and a polarizing metal wire grid array to separate the
transmit and receive signals;

4) a 15 cm plastic lens antenna.

The Gunn LO is phase locked to a crystal reference oscilla-
tor, and the transmitter is in turn locked to the Gunn during
its output pulse. Significant achievements of this radar in-
clude the observation of targets out to ranges of 3.5 km and
the measurement of Doppler spectra due to moving targets
such as trucks and tracked vehicles (with a separate contribu-
tion observable from the treads).

II. GENERAL DESCRIPTION

Fig. 1 is a simplified block diagram of the radar. The 56
GHz Gunn LO is phase locked to the 98 MHz crystal
reference oscillator. The Gunn output is split and half is
used to phase-lock the EIO while the other half serves as LO
for the f/4 subharmonic receiver mixer. The EIO phase-
locking control voltage is fed back to the tube body, which is
isolated from other tube electrodes but is connected to the -
output waveguide, so that an isolating flange is required as
shown. The linearly polarized EIO output passes through a
wire grid beam splitter with its grid wires oriented perpen-
dicular to the plane of polarization of the radiation. The
output is then focused by the conically scanning (conscan)
lens and collimated by the antenna lens. The conscan track-
ing function was not implemented because of budget limita-
tions. The signal then passes through the quarter-wave plate,
from whence it emerges with circular polarization. The radi-
ation is steered to the target by a gimbaled mirror. Upon
reflection from a target, the radiation has its sense of circu-
lar polarization reversed, assuming an odd-bounce target,
and on passing again through the quarter-wave plate, emerges
with linear polarization orthogonal to that entering from the
EIO. Since the grid wires are now parallel to the plane of
polarization, the radiation is reflected into the receiver horn,
where it mixes with the fourth harmonic of the LO to give a
781 MHz intermediate frequency (IF). This IF is amplified
and compared with a harmonic of the crystal reference
oscillator in in-phase and quadrature modes to give pulsed
outputs whose frequency is proportional to the radial veloc-
ity of the target. Fig. 2 is a photograph of the radar, which is
shown mounted on a 1.2X 1.2 m aluminum plate which is in
turn mounted on a pedestal. A television camera, bore-
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Fig. 1.

Simplified block diagram of the radar showing the relationships of the subsystems and derivation of the transmitter,

receiver, and IF signals.

Fig. 2. Photograph of the radar. The quarter-wave plate, primary lens,
and gimbal are on the left. The conscan lens is in the center, and the
EIO can just be seen slightly left of center. The EIO modulator is in the
rear, and the receiver LO is in front of it. The receiver and phase-lock
mixers are hidden by other components.

sighted with the radar steering mirror, is used to provide
visual images of the target scene. Each of the major radar
subsystems is discussed separately in the sections that follow.

III. TRANSMITTER

The EIO is a beam-power electron tube that depends for
its operation on the interaction of a collimated electron
beam with a metal periodic structure [6], [7]. The beam
passes through the structure and is modulated by it in a
manner similar to the process occurring in traveling-wave
and backward-wave oscillator tubes. EIO’s are available in
pulsed and CW versions at frequencies in the range 35-260
GHz.

TABLE 1

SPECIFICATIONS OF RADAR TRANSMITTER

Parameter Value
Frequency 225.445 GHz
Power Output 60 W Peak
Transmitter Path Losses 4.8 dB
Pulse Repetition Frequency 5-20 kHz
Pulse Width 50-500 ns
Transmitter Tube Type Varian VKY-2429R EIO
Maximurm Duty Factor 0.005

The specifications of the radar transmitter are given in
Table 1. Note that combinations of pulse repetition frequen-
cies (PRF’s) and pulse widths which exceed the tube duty
factor are not allowed. The EIO output of 60 W is reduced
to about 20 W by the isolating flange section, the directional
coupler, and an attenuator placed in this path to prevent
receiver damage. This loss could be reduced by perhaps 3 dB
by more careful design and elimination of the attenuator,
which was always adjusted for minimum attenuation after
initial system tests showed that the receiver would not be
damaged by stray radiation from the full EIO output.

The EIO is turned on by applying a negative voltage to the
cathode by means of a modulator; the body of the tube runs
nominally at ground potential. The transmitter modulator is
perhaps the most important subsystem with regard to coher-
ent operation of the radar, since the flatness and lack of
transients on the modulator pulse determine the quality of
the spectral output of the EIO. If this spectrum is not good
enough, the phase lock will not be able to control the output
phase of the tube, and coherent operation will not be possi-
ble. Specifically, the modulator pulse voltage (approximately
8 kV) must be flat to within about +20 V, which is the
output range of the phase-lock driver; otherwise the phase-
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Fig. 3. Simplified schematic of the EIO modulator. The output of this
circuit changes little during the radar pulse because the modulator tube
is saturated.

lock driver will saturate and the EIO will free run until the
pulse settles to within normal limits. Fig. 3 is a simplified
schematic diagram of the modulator, which is seen to be very
straightforward in concept. Flatness of the modulator pulse
is realized by simply saturating the EIO driver so ‘that its
plate voltage is essentially constant. This pulse is coupled to
the EIO cathode by a capacitor. The size of this capacitor
determines the amount of droop on the cathode pulse.

A problem with this type of modulator is that it does not
recover very rapidly between pulses. The EIO interelectrode
capacitances are charged rapidly through the low modulator
tube impedance when the tube is turned on, but must
discharge slowly through the modulator plate load after the
tube turns off. A new pulse cannot be initiated until this
discharge is essentially complete. This problem is solved by
the use of a “tailbiter” circuit, which is simply another tube
which turns on to discharge the interelectrode capacitances
at the end of the pulse.

As expected, the phase error is greatest where the pulse is
not flat, but after the first 100 ns of the pulse duration, the
modulator flatness is within the +20 V output range of the
phase lock. The tuning coefficient of the EIO is about 300
kHz/V, so that the +20 V output capability of the phase
lock will tune the tube over a range of +6 MHz; the
maximum electronic tuning range of the tube is 315 MHz.
These issues are addressed in more detail in Section IV.

IV. PHASE-LOCKING THE PULSED EXTENDED
INTERACTION OSCILLATOR

The EIO is phase locked using the circuitry shown in
block diagram form in Fig. 4. Part of the EIO output is
picked off by the 20 dB directional coupler and fed into the
f /4 subharmonic mixer, where it is compared in phase with
the fourth harmonic of the phase-locked Gunn oscillator.
This signal is then a pulse at the phase-lock IF of duration
equatl to the EIO output pulse length. This pulse is amplified
by the IF amplifiers and compared in phase with the phase-
lock reference oscillator using a phase detector, which gives
an output proportional to the sine of the phase angle error
and equal‘:in duration to the EIO pulse. This signal is
amplified by fast pulse power amplifiers and applied to the
body of the EIO, where it serves to correct the voltage
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Fig. 4. Block diagram of the EIO phase lock circuitry.

between cathode and body in such a way that the output
phase of the EIO has a fixed relationship to the phase
reference. The EIO frequency is thus locked to the refer-
ence, to a degree that will become apparent later in this
section.

The phase detector shown in Fig. 4 has an output propor-
tional to the sine of the phase error angle. There is also a
time delay, d, through the phase-locking circuitry that must
be considered, an initial frequency offset corrresponding to a
voltage, V,, on the EIO body, and a varying frequency error
caused by droop of slope b on the modulator pulse. This
droop is assumed linear with time because it is caused by the
charging of the modulator coupling capacitor through the
parallel combination of the modulator tube plate load and
the EIO impedance. Also, the balanced mixer phase detector
used in this system has an output proportional to the sine of
the phase difference between reference and intermediate
frequency. Considering these contributions, the change in
output frequency of the EIO is given by

F(t+d) =k gk ko] (Vi sind(2) + Vo + b(¢t +d)] (1)

where ¢(¢) is phase difference at time ¢, k, is the phase
detector sensitivity in rad /V, k, is the gain of the amplifiers
following the phase detector, k, is the tuning coefficient of
the oscillator in MHz /V, and V,, is the maximum voltage
available from the driver amplifier which can be applied to
the frequency control electrode on the oscillator. Combining
the gain coefficients into k_, translating the time axis by —d,
and noting that frequency is the time derivative of phase
gives

d
7?—=ke[Vmaxsin¢(t—d)+Vos+bz].

(2)
Equation (1) is solved by an iterative numerical process in
which various initial conditions are assumed and the system
is allowed to determine the subsequent phase behavior as
time increases in small increments At. The phase at time
(n +1)A¢ is given by

dé(n)
dt

d(n+1)=d(n)+ At. 3)
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5. Calculated EIO phase output as a function of time during the
500 ns transmitter pulse.
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Fig. 6. Measured phase variation of the EIO output during a 500 ns
pulse, 100 ns/division horizontal, 200 mV /div vertical. Both in-phase
(top) and quadrature (center) outputs are shown. The bottom trace is
the correction voltage applied to the EIO body during the pulse, 10
V/div.

Substituting for d¢(n)/dt from (2) gives
d(n+1) = d(n) + Atk {Vi sin[¢(n —m) ]+ bt (n) +V,}
(4)

where we have taken the time delay to be d = mAt.
Measured values of the above pertinent parameters for the
225 GHz EIO are V. =20 V, mAt=15 ns, b=5x10"
V/s, and V=15 V. The parameter k, has a value of
1.88x10° rad/s/V for this EIO, and the EIO tuning con-
stant alone is 300 kHz/V. Substituting these values and
initial conditions into (4) and calculating the EIO output
phase by the indicated iterative technique gives the phase
variation curves of Fig. 5. The four separate curves result
from. assuming four different initial phases for the EIO.
These curves should be compared with the measured results
given in Fig. 6, which shows in-phase and quadrature phase
detector outputs together with the correction voltage applied
to the EIO body. Note that the measured in-phase output is
in good qualitative agreement with Fig. 5, with the burst of
random phases at the beginning of the pulse corresponding
to random initial phases for the EIO. Fig. 7 shows the
free-running spectrum of the EIO, and Fig. 8 shows the
spectrum of the locked source corresponding to the phase
errors shown in Fig. 6. Although these results are not as
good as those obtained with highly stabilized lower frequency
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Fig. 7. Spectrum of the unlocked EIO. The frequency scale is 4
MHz /div., the vertical scale is 10 dB /div., and the resolution bandwidth
is 300 kHz.

Fig. 8. Spectrum of the EIO phase locked as described herein. The
parameters are the same as those of Fig. 7.

sources, they were good enough to observe Doppler returns
from a variety of targets, including an armored vehicle, which
showed different Doppler frequencies for body and treads,
and a truck for which engine vibrations were detected.
Some comments on the degree of coherence indicated by
Figs. 7 and 8 are in order. Fig. 7 is the spectrum of a signal
exhibiting some frequency chirp, while Fig. 8 shows that most
of this chirp has been removed by phase-locking, although
some asymmetry remains, consistent with a slight linear
phase change as a function of time during the pulse, as
predicted by the theory developed above. Both spectra are
noisy, and the source of this noise is thought to be the burst
of random phases which occurs at the beginning of the
pulses. Depending on the initial phase error at the initiation
of the pulse, the rate of phase correction in degrees per
second will vary. Each of these correction rates corresponds
to a separate frequency, which causes the noise. exhibited in
Figs. 7 and 8§, since each spectrum comprises the contribu-
tions of many pulses. This burst of random frequencies will
also cause the Doppler spectra to be noisy. This is because
each of them, upon reflection from the target, mixes with the
local oscillator to give a different Doppler frequency, and
thus raises the broad-band noise floor of the Doppler spec-
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TABLE I1
RECEIVER SPECIFICATIONS
Parameter Value

Mixer Noise Figure 11.0 dB, 11.5 dB*

(Single Sideband)
Receiver Path Losses 0.8 dB

(See Section VI)
Horn Antenna Loss 1.5dB

(Estimated)
IF Amplifier Noise Figure 2.0dB

(Manufacturer’s Specification)

Total SSB System Noise Figure 15.3 dB, 15.8 dB*

*Values corresponding to two best mixers.

trum. This phenomenon is evident in the Doppler spectra to
be discussed in a later section although this noise is signifi-
cantly reduced by switching out the first 100 ns of the return
pulse using a high-speed IF switch.

V. RECEIVER

The f /4 subharmonic mixer used in the receiver has been
described by Schneider et al. [8] and by Forsythe et al. [9). In
this device, signal and LO power are incident on a pair of
antiparallel Schottky-barrier point-contact diodes in such a
way that the fourth harmonic of the LO combines with the
signal to produce the intermediate frequency. The 781 MHz
IF signal is amplified as shown in the block diagram and
mixed with the output of a 781 MHz cavity oscillator in both
in-phase and quadrature modes to generate I and Q signals,
which are further amplified by video amplifiers. These two
outputs are the final system outputs, and the frequency
content of the pulses is just that due to the radial velocity of
the target. The I and Q signals were intended to be used in
signal processing, but funding limitations precluded the de-
velopment of this subsystem, so that most of the measure-
ments made with the radar were made in A-scope mode.
Table I summarizes the performance levels achieved by this
receiver, including all of the loss contributions from the
antenna system and duplexer.

V1. ANTENNA AND DUPLEXER

To minimize losses, the antenna and duplexer were fabri-
cated with quasi-optical components as far as possible. The
use of lossy WR-5 waveguide was minimized. Identical coni-
cal corrugated horns were used in the receiver and the
transmitter for optimal matching of these two transmission
paths [10], [11}. This design minimizes spillover losses and
gives low side lobes and stray radiation. These horns were
designed at Georgia Tech and fabricated elsewhere by an
electroforming process in which an aluminum mandrel is
first gold plated and then coated with electroformed copper.
The mandrel is then dissolved with acid, leaving the desired
precise gold-plated corrugations on the inside of the copper
horn. . :

The lenses were machined from extruded poly-4-methyl-
pentene-1 plastic, manufactured and marketed under the
trademark name TPX by Mitsui Petrochemical Industries.
The lens surfaces were machined with a hyperbolic figure to
minimize spherical aberrations. The diameter of the primary
lens was specified to be 152 mm (6.00 in) by the sponsor of
this work. Two sets of lenses were made. One with polished
surfaces was used for system alignment with a visible light
source, since TPX is sufficiently transparent to visible light
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that it can be used for this purpose. The other set was
antireflection treated by machining circular grooves in the
surfaces of both lens faces to form quarter-wave matching
layers [12]. It was necessary to make the grooves circular so
that the lenses would pass the two orthogonal polarizations
equally.

It is of interest to state why TPX was used for lens
fabrication instead of the more commonly used Rexolite (a
cross-linked polystyrene). Both plastics are known to be
highly transparent at 95 GHz, but TPX has an advantage at
higher frequencies. At the beginning of the program, before
the 225 GHz source was available, a series of transmission
measurements was made on Rexolite and TPX using an
optically pumped far-infrared laser together with a ratioing
transmission measuring system. The results of these mea-
surements showed that TPX has an absorption coefficient of
< 0.1 dB/cm at 244 GHz, while Rexolite has an absorption
coefficient of 0.44 dB/cm. This advantage of TPX over
Rexolite becomes more pronounced at still higher frequen-
cies; for example at 526 GHz TPX measures 0.28 dB/cm,
while measurements on Rexolite give 1.50 dB/cm. These
results are in good agreement with published measurements
[13] on these two materials. ‘

The quarter-wave plate was fabricated from sapphire,
which has a large intrinsic birefringence (n,— n, = 0.345).
This value was derived from measured polarization ellipticity
at 247 GHz using an optically pumped far-infrared laser and
grid polarization analyzer, This value also agrees well with
values of the optical constants of sapphire extrapolated from
published results obtained above 600 GHz [13]-[16]. In order
to act as a quarter-wave plate, a sapphire crystal must be cut
with its ¢ axis parallel to the plate faces, and it must be
oriented so that the E vector of the input radiation bisects
the fast and slow axes, which are oriented at 90° relative to
each other. The sapphire crystal was fabricated to be 177.8
mm in diameter and 4.89 mm thick, At this thickness, it is a
fifth-order quarter-wave plate. Tests of this optical element
showed that the ratio of orthogonal to input polarization of
radiation from the transmitter EIO at 225 GHz, after making
two transits through the plate, was 20 dB.

Since sapphire has an average index of refraction of 3.24,
it must be antireflection coated; otherwise the reflection
losses will be about 30% per surface. Based on the authors’
familiarity with plastic materials, it was decided that Mylar,
with a refractive index of 1.7, which is close to the square
root of the average sapphire index, would be a good candi-
date for this application. The optimum film thickness for this
matching layer is A /4n =195 pum, and the nearest commer-
cially available thickness to this value is 178 um. For good
performance as a matching layer, it is necessary that the
Mylar be in good contact with the sapphire, and this require-
ment was met by building a vacuum fixture by which the two
materials could be pulled together. After fabrication, the
reflection losses in the sapphire /Mylar interface were deter-
mined to be —0.06 dB, with the side away from the transmit-
ter (second surface) yielding —0.03 dB. This level of reflec-
tivity gives a stray signal into the receiver 22 dB below the
transmitter radar output, which is apparently not enough to
damage the mixer diodes.

The polarizing beam splitter is an aluminum wire grid on
Mylar. The conductors were chosen to be 5 um wide and the
period was 10 um. The grids were printed through a mask
which was in vacuum contact with the photoresist and alu-
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Fig. 10. Doppler spectrum of a stationary truck with its engine running
at 2700 r/min. The other Doppler spectral lines are due to engine
harmonics and other body vibrations.

minum-coated Mylar substrate. Performance medsurements
made on these components showed that they had a reflectiv-
ity ratio of 20 dB with the grid wires parallel to the plane of
input polarization and a transmission loss of 0.02 dB with the
wires perpendicular to the input polarization. It is presumed
that the power reflected in this latter mode goes into the
receiver, but note that its polarization is orthogonal to that
to which the receiver is sensitive, so that it does not add to
the unwanted radiation incident on the mixer.

VII. RESULTS

The most significant results obtained with this radar are
the Doppler measurements made on tracked vehicles and
trucks. Fig. 9 shows the Doppler spectrum of a tracked
vehicle moving at a velocity of 2.6 m/s, There is 4 major
contribution to the Doppler spectrum at 3.9 kHz correspond-
ing to the body and arother line at-7.8 kHz due to the tracks.
Body and track foldover spectra, resulting from the Doppler
frequencies combining with the second harmonic of the 12
kHz radar PRF, are also shown. The Doppler spectrum of a
stationary truck at a range of 900 m is shown in Fig. 10. The
truck engine was running at 2700 r/min, corresponding to
the 45 Hz Doppler return. The other lines are due to
harmonics and subharmonics of this frequency and to other
vibrations occurring in the truck body.

The observation of Doppler returns is not necessarily an
indication of radar coherence, since such returns might be
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Fig. 11. Return from a 24 ton truck driven in a circle at a range of

900 m.

generated by beating of reflections from a moving target with
those from stationary clutter within the same range cell. The
radar described in this paper is vulnerable to this problem,
since the 500 ns pulse width implies a range cell 75 m in
extent, so that stationary clutter 37.5 m on either side of the
target might give rise to such false Doppler returns. Al-
though measurements of clutter returns with no target pre-
sent were not made to verify that there were no significant
scatterers within the target range cell, we believe, based on
visual observation of the terrain on which the experiments
were conducted, that no clutter existed which would cause
such false Doppler phenomena. We therefore conclude that
the results presented in this paper are an indication of radar
coherence, subject to the limitations discussed in Section I'V.
An even more compelling reason for concluding that the
radar is coherent is that all Doppler returns disappear when
the phase lock is turned off.

In addition to the Doppler results discussed above, some
additional results were obtained with the radar operated in
an A-scope mode. To obtain these results, a matched filter
with a band-pass of 2 MHz corresponding to the 500 ns radar
pulse width was used. Returns from unknown targets at
ranges up to 3.5 km were obtained with good signal-to-noise
ratio. Because the optical duplexer was used instead of a
transmit-receive switch, it was found that the radar has a
very short minimum range. Although a saturation region
caused by the transmitter pulse is evident in A-scope returns,
it simply represents a region of reduced sensitivity, and
targets within this region are still visible because they gener-
ally have large returns. It was possible using this radar to
observe Doppler spectra at ranges less than 100 m.

Some results at varying target aspects were also obtained.
Fig. 11 is a record of the relative return from a 23 ton truck
driven in a circle at a range of 900 m. For all of the
measurements described in this section, the weather was
excellent; in poor weather one might expect that the radar
operational range would be shorter.

VIII. CoNcCLUSIONS

We have shown that it is possible to build a pulsed radar
operating in the 230 GHz atmospheric window which is
capable of observing Doppler returns. The degree of coher-
ence implied by these measurement is not quantitatively
determined, but measurements of the transmitter phase indi-
cate improvement owing to phase locking and qualitative
agreement with theory. These reservations are expressed
because noncoherent radars may exhibit coherence effects
without any means of phase control, as discussed in Section
VIL
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Although all of the technologies represented in this system
were well developed at the time it was assembled and tested,
we believe that the combination of approaches used in this
radar is unique, not only to the 230 GHz band, but to any
radar operating at any frequency. The hard-tube modulator
was designed by Georgia Tech originally for this system, and
has been used on all cathode-modulated EIO-based radars
built at Georgia Tech since its inception. The phase-locking
approach was used at Georgia Tech to lock a pulsed orotron
oscillator [17], but other specific instances of the use of this
pulsed locking method are not known, although there is
some indication that it may have been used for locking
pulsed magnetrons several years ago. The f /4 subharmonic
mixer used in this receiver allows the use of a fundamental,

‘reliable Gunn LO source and is an extension of the f/2-

subharmonic mixer work done by Schneider et al. [8] and by
Forsythe et al. [9]. The optical polarization duplexer has
been used for several years in laser radars [18], and is
logically extended to the 230 GHz band because of the
availability of appropriate materials, such as large single
crystals of sapphire-and plastics designed for other applica-
tions. The method of matching or antireflection coating
surfaces described in this paper has of course been used for
many years, but the techniques devised and the results
obtained are of interest to other workers in the MMW and
far-infrared fields.

The results of this paper show that the well-known con-
cepts and techniques applicable to radars built at lower
frequericies may also be used for radars operating at least to
225 GHz. While it is evident that results obtained at 225
GHz are not as good as those at lower frequencies, .the
development of suitable components over the next few years
will provide the means for further exploitation of this poten-
tially useful band of frequencies.
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